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RELATED APPLICATION 

This application is a continuation of U.S. Application No. 09/929,273, filed 
August 14, 2001. The entire teachings of the above application are incorporated herein 
by reference. 

BACKGROUND OF THE INVENTION 

The present invention relates to chemical detection, and more particularly, to 
devices that enable analysis of compounds by high field asymmetric waveform ion 
mobility. 

Spectrometers are used in chemical analysis for identification of compounds in a 
sample. These systems may take samples directly from the environment, or they may 
incorporate a front end device to separate or prepare compounds before analysis and 
detection. In some cases a quick indication of presence of particular compounds in a 
sample is needed, while at other times the goal is complete identification of all 
compounds in a chemical mixture. 

The mass spectrometer is generally considered one of the most accurate 
detectors for compound identification. Mass spectrometers are expensive, easily 
exceeding $100K, and are difficult to deploy in the field. Mass spectrometers also suffer 
from the need to operate at low pressures, resulting in complex systems; mass 
spectrometers often require a highly trained operator and tend to require frequent 
maintenance. This presents a need for low cost, high quality, and compact chemical 
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detection instruments that are capable of making a wide range of chemical 
identifications, as an alternative to a mass spectrometer. 

There are several species of ion mobility spectrometer, all of which distinguish 
between chemical compounds based on ion mobility techniques. In a high field 
5 asymmetric waveform ion mobility spectrometer (FAIMS), ion filtering is achieved 
based on accentuating differences in mobility of ions of compounds being identified. 
The asymmetric field between the filter electrodes alternates between a high and low 
field strength that causes the ions to separate according to their mobility. Typically ion 
mobility in the high field differs from that in the low field. That mobility difference 

10 produces a net displacement of the ions as they travel in the gas flow through the flter. 
This results over time in a trajectory which, in absence of a compensation bias, causes 
the ions to hit one of the filter electrodes and to be neutralized. In the presence of a 
specific compensation bias, a particular ion species will be returned toward the center of 
the flow path and will pass through the filter without neutralization. 

1 5 The amount of change in mobility between high field and low field and the 

amount of change in trajectory is compound-dependent. This permits separation of ions 
from each other according to their species by applying appropriately compensated filter 
drive signals. 

In a typical FAIMS device, a gas sample, composed of a carrier gas and 
20 chemical compounds to be analyzed, is subjected to an ionization source and this 

ionized sample is carried by the carrier gas flow between the FAIMS filter electrodes. 

Application to the filter electrodes of a known asymmetric periodic voltage along with a 

known compensation bias, generates strong electric fields between the filter electrodes 

with the intent that selected ion species having a specific mobility in these known 
25 compensated high fields will flow through the FAIMS filter, if present in the sample, 

and these passed ions can then be detected and identified based on historical data for the 

device and with knowledge of the applied felds. 

A planar FAIMS spectrometer with electrodes disposed over an essentially 

planar flow path has been disclosed which achieves a longitudinal flow and filtering of 
30 ions according to mobility differences. As well, a cylindrical FAIMS device with 
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coaxial electrodes for longitudinal flow and filtering of ions according to mobility 
differences is disclosed in US Patent Number 5,420,424. 

While the foregoing arrangements are adequate for a number of applications, it 
is still desirable to have a low cost and compact spectrometer that can render real-time 
5 or near real-time detection of chemical compounds, whether for the laboratory, the 
battlefield or in other environments, and whether as a stand alone detector or in 
cooperation with other devices such as a GC or an MS. It is also desirable to have a 
low-profile and portable spectrometer. 

Furthermore, it is also desirable to have real-time or near real-time indication of 
10 compounds. This is important where fast indication is required to cooperate with fast 
sample input to the spectrometer, or possibly because of the dangers that arise from 
delay in detection of dangerous compounds in the environment. It is also desirable that 
the foregoing be achievable at low cost. 

It is therefore an object of the present invention to provide a functional, small, 
1 5 low-cost spectrometer. 

It is therefore an object of the present invention to provide a spectrometer with 
multiple flow paths that cooperate for fast and accurate sample processing and 
identification. 

It is another object of the present invention to provide a chemical sensor that 
20 features the benefits of FAIMS and is able to operate rapidly, affording real-time or 
near real-time detection. 

It is a further object of the present invention to provide a chemical sensor that 
features the benefits of FAIMS and can complete spectral scan in less than one second. 
It is a further object of the present invention to provide a chemical sensor that 
25 features the benefits of FAIMS and is able to detect multiple ion species 
simultaneously. 

SUMMARY OF THE INVENTION 

The present invention provides a pancake FAIMS spectrometer with enhanced 
resolution and fast response time. The FAIMS apparatus and method provides for radial 
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filtering and detection of selected ion species in a compact pancake package. The 
spectrometer of the invention is a simple and low cost device that nevertheless can 
perform substantive quantitative analysis of complex mixtures. 

In practice of the invention, a sample containing a mixture of compounds is 
5 ionized in a chamber and then ion species representing the various compounds in the 
sample are passed to a FAIMS ion filter. Compensated FAIMS filter fields dictate 
passage through the filter of ion species of a certain mobility behavior and trajectory. 
The detector detects ions that have passed through the FAIMS filter. 

In one embodiment of the invention, a pancake FAIMS spectrometer provides a 

10 radial system for identification of compounds in a carrier gas, the system having a pair 
of substrates mated facing each other to form at least one radial flow path. The 
substrates define at least one ion filter in the flow path with at least one filter electrode 
on each substrate facing each other across the flow path. The substrates further define at 
least one ion detector in the flow path. Ions representative of the compounds being 

15 carried in the carrier gas are flowed into the ion filter. Ions are passed by the ion filter 
according to ion mobility behavior. The carrier gas carries the passed ions to the 
detector located radially separate from the ion filter within the flow path for detection of 
the passed ion species. 

It is a general principal in FAIMS operation that for a given electric field 

20 condition applied across the ion filter electrode pairs, only one species of ions, defined 
by ion mobility, makes it out the other end of the filter and into the detector. In practice 
of FAIMS spectrometers, the electric field required to allow the ions through the ion 
filter is dependent on the physical/chemical properties of the ions and the operational 
characteristics of the spectrometer. In general, a catalog of detection data for known 

25 compounds for the spectrometer can be generated and this knowledge can be used to 

operate the spectrometer and to enable identification of specific compounds in a sample. 
In general, as will be appreciated by a person skilled in the art, driver/controller must be 
enabled, such as with catalog information, and this may take the form of a look-up table 
in an on-board memory for a microprocessor part of the controller. In one use, a user 

30 might be interested in the presence of a certain species of compounds X, and might set 
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driver/controller to run scan "X", which runs the filters through a range of compensated 
asymmetric fields and applies appropriate biases to the detector electrodes, to be able to 
detect the presence species X, in view of stored information in the look-up table, for 
example. 

5 Embodiments of the invention provide a system for identification of compounds 

in a mixture based on ion mobility. The system includes at least a pair of substrates 
mated together facing each other over a gap. The substrates form at least one radial flow 
path in the gap. The ion filter electrodes on the substrates face each other over the gap 
and define at least one ion filter. 

10 Ions representing compounds in the chemical mixture are filtered by the ion 

filter according to ion mobility characteristics as the ions travel radially along the flow 
path between the filter electrodes in the gap, with ion species having the mobility 
characteristics of interest passing radially through the filter. 

Various embodiments of the invention are defined. The system may include 

15 wherein the filter filters ion species based on differences in ion mobility, wherein the 
substrates define at least one filter electrode on each substrate facing each other over the 
gap in the radial flow path, and wherein the flow path accommodates the flow of the 
ions, the ions traveling in the radial flow path between the filter electrodes, and selected 
species of the ions being passed by the ion filter according to differences in ion mobility 

20 behavior. The passed species travel radially in the flow path out of the filter for 
detection. A detector separate from the ion filter preferably performs ion detection. 

In one embodiment, the gap is defined by a spacer. The spacer and the substrate 
surfaces define a plurality of radial flow paths, wherein the ions are introduced in the 
flow paths at one end thereof. Embodiments further feature a plurality of ion filters, 

25 wherein the filters filter ion species based on differences in ion mobility, wherein the 
substrates define a plurality of filter electrodes on each substrate facing each other over 
the gap in the radial flow path, and wherein the flow path accommodates flow of the 
ions, the ions traveling in the radial flow path between the filter electrodes, selected 
species of the ions being passed by the ion filters according to differences in ion 
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mobility behavior, the passed species traveling radially in the flow path out of the filter 
for detection. 

Embodiments may include a system drive-controller configured to apply a 
compensated asymmetric periodic voltage to each the ion filter electrode for generating 
5 fields across the gap, the ion filter filtering the ions according to their mobility in the 
fields. 

Electrodes may be formed as rings on the substrates, enabling forming a 
plurality of filter and detector electrodes. 

The substrates may be planar or non-planar. In one embodiment, the substrates 
10 define planar electrode-carrying surfaces facing each other across the gap, the substrates 
defining a detector in the radial flow path with at least one detector electrode on each 
substrate facing each other over the gap, wherein the filter electrodes are formed 
radially separate from the detector electrodes, wherein the electrodes are formed in 
arrays. 

15 In other embodiments, the substrates define a plurality of electrodes, including 

detector electrodes and the ion filter having arrays of the electrodes as filter electrode 
pairs, further with a system drive-controller for generating fields at the filter electrode 
pairs across the gap, the ion filter filtering the ions according to their mobility in the 
fields. In one embodiment, each filter electrode is independently controlled by the 

20 drive-controller. 

In an embodiment with a spacer, the gap is defined by the spacer and the 
substrate surfaces and the spacer define a plurality of radial flow paths. The array of 
filter electrodes, the detector electrodes, and the plurality of flow paths form a plurality 
of filter-detector combination paths. Each combination path is independently 

25 controllable by the drive-controller. 

In practice of the invention, the flow paths are operable as a plurality of parallel 
ion filtering and detection paths for detection of a plurality of ion species 
simultaneously. Also, the electrode arrays may be formed as rings of electrodes on the 
substrate surfaces and the arrays may be formed as a series of unlike electrodes with 

30 differing filtering characteristics. 
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The detectors may include detector electrodes that are independent of each 
other, the driver-controller simultaneously outputting signals representing ion species 
detected on each of the detector electrodes independently. 

In various embodiments, the substrates form electrode-carrying surfaces facing 
5 each other across the gap, the substrates mated together and forming an electronic 

spectrometer assembly. The substrates may be discrete ceramic substrates separated by 
a discrete spacer, mated with a bonding material to form the at least one flow path. In 
one embodiment the substrates are insulated disks, at least one of the substrates defining 
a central opening for forming an inlet for receipt of the compounds in the mixture under 
10 test. A collar seals the substrates at their outer circumference. The collar may include a 
port for the flow of carrier gas, with the substrates spaced apart to accommodate the 
flow. 

In another aspect of the invention, the substrates form a housing, the filter and at 
least one flow path formed within the housing. The spacer cooperates with the 

15 substrates and the collar to define a plurality of enclosed flow paths in the housing. 

Preferably the substrates are insulated. The system has a system drive-controller which 
can be configured to apply a compensated asymmetric periodic voltage to each the ion 
filter electrode for generating fields across the gap, the ion filter filtering the ions 
according to their mobility in the fields, wherein the electrodes extend to contact pads 

20 accessible by the drive-controller. 

Where ions are carried in a carrier gas flow, a pump is coupled to the substrates 
and communicates with the flow path for flow of ions through the filter electrodes. 

In one embedment, a field asymmetric waveform ion mobility detection system 
has an input part and an output part, at least a pair of substrates defining between them 

25 at least one radial flow path for the flow of ions from the input part to the output part, a 
plurality of electrodes opposite each other and defined in the flow path, the plurality 
including at least one filter electrode ring array associated with each substrate, and an 
electronics part configured to apply controlling signals to the electrodes, the electronics 
part applying a compensated asymmetric periodic signal across the filter electrodes for 

30 changing the flow of ions in the flow path for filtering ion species. 
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In this embodiment, the electronics part may be further configured to sweep the 
applied controlling signals through a predetermined range according to the species 
being filtered. 

Arrays of electrodes can form filter electrode pairs, and it is possible to adjust 
5 the filter pairs to filter desired ion species, or parts of a spectrum, according to an 

electronics control part configured to sweep controlling signals through a predetermined 
range according to the desired species to be filtered. 

In another embodiment of the invention, an ion mobility spectrometer system 
includes a least two substrates joined together, the substrates defining a spectrometer 
10 housing having a sample inlet and a sample outlet, the housing forming at least one 
internal radial flow path connecting the sample inlet and sample outlet for the flow of 
ions to be filtered and detected, and an ion filter is disposed in the radial flow path and 
includes a pair of spaced filter electrodes for filtering of the ions in the flow path and 
radially passing ion species of interest for detection. In this system an array of electrode 
15 pairs can be provided wherein ones of the pairs have different filtering characteristics. 

In another embodiment of the invention, a spacer is provided for establishing the 
gap and a collar is provided for joining the substrates at their outer circumference to 
close in the flow path. 

An array of electrodes may form a ring of discontinuous electrodes. These may 
20 have various dimensions, such as rectangular or arcuate sectors formed on the 
substrates. 

In some practices of the invention, the electrodes include electrical contacts for 
application of an asymmetric periodic voltage across the filter electrodes for controlling 
the filtering according to ion mobility. A control circuit can selectively adjusting a 
25 characteristic of the voltage, wherein the asymmetric periodic voltage is properly 
compensated, an ion species having a specified mobility characteristic can be passed 
through the filter for detection. 

Ion flow may be slowed by forming an ion trap such as by forming a non- 
uniform spacing of the gap. 
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The radial flow of sample in the spectrometer of the invention enables 
simultaneous formation of many flow paths, depending upon the number of filter 
electrode pairs that have been formed on the substrates. Preferably each filter is formed 
with a filter pair. Any number of electrodes can be formed on the substrates. As a rough 
5 statement, preferably, if the number of flow paths is an integer I, the total number of 
filter electrodes is at least 21. 

The electrodes can be defined on the substrates as a plurality of electrode rings, 
and pairs of the rings forming ion filter electrodes. The rings can be formed with 
discontinuous electrode arrays. The electrodes may each have similar or dissimilar 
10 filtering characteristics. 

Where a first set of rings forms the spectrometer filter, a second set of rings can 
be formed as detector electrodes. The rings can be formed with discontinuous electrode 
arrays. The electrodes may each have similar or dissimilar filtering characteristics. 

In a further embodiment of the invention, a pair of substrates form a first filter 
15 stage, further comprising a second filter stage, wherein the ions filtered by the first stage 
are inputted to the second stage, and ions passed by the second stage are detected and 
identified according to species. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other objects, features and advantages of the invention will 
20 be apparent from the following more particular description of preferred embodiments of 
the invention, as illustrated in the accompanying drawings in which like reference 
characters refer to the same parts throughout the different views. The drawings are not 
necessarily to scale, emphasis instead being placed upon illustrating the principles of 
the invention. 

25 Fig. 1 is a side cross-section of one embodiment of the present invention. 

Fig. 2 is a plan view of the working surface of substrate 1 1 of the embodiment 
of Fig. 1 ; the view of substrate 1 1 in Fig. 1 is along line A- A of Fig. 2. 

Fig. 3 is a side view showing cooperation of the spacers of the substrates in the 
embodiment of Fig. 1. 
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Fig. 4A is a perspective view of a spacer of the invention. 
Fig. 4B is a side view of the spacer of Fig. 4A. 

Fig. 4C is a side view of a spectrometer of the invention with the spacer of Fig. 
4 A mated between and with substrates 11,11*. 

Fig. 4D is a side view showing cooperation of the spacers and the substrates in 
the embodiment of Fig. 4C. 

Fig. 4E is a perspective view of an alternative spacer assembly which also 
includes an outer collar. 

Fig. 5 is a plan view of the working surface of a substrate 1 V of the invention 
mounted in an alternative collar-spacer of the invention. 

Fig. 6 is a side cross-section of an alternative spectrometer of the invention 
featuring the collar- spacer of Fig. 5 with mounted substrate IT, taken through line B-B, 
and with substrate 1 1 mounted thereto. 

Fig. 7 is a schematic of the operating system of the present invention. 

Fig. 8 is a plot showing spectra for a mixture of acetone and benzene, with the 
FAIMS filter compensation voltage swept from -20 volts to +20 volts. 

Fig. 9 is a plan view of an alternative multi-electrode embodiment of the 
invention, where electrodes of different sides and characteristic are presented on a 
single substrate of the present invention. 

Fig. 10 is a plan view of a alternative electrodes in practice of the present 
invention. 

Fig. 1 1 is a side sectional view of two spectrometer modules whose flow paths 
are serially mated to form a multi-stage ion filter embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

A description of preferred embodiments of the invention follows. 

The present invention provides a low-profile spectrometer. Embodiments of the 

invention are volume-manufacturable and low-cost. 

In an illustrative embodiment of the present invention, shown in Figs. 1 and 2, a 

pancake FAIMS spectrometer 10 is formed by cooperation of a pair of disk-like 
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substrates 11,11'. The spectrometer includes a sample inlet 12, an ionization source 14, 
at least one ion filter 16 A, at least one ion detector 18 A, and a gas outlet 20. Substrates 
1 1, 11 ' are mounted and contained within cylindrical collar or flange 22. 

Referring to the plan view of working surface 24 of substrate 1 1 shown in Fig. 
5 2, it will be appreciated that an opening 30 is formed at the center of substrate 11, 
defined by rim 32. Filter electrodes 16a, 16b, 16c are formed on surface 24 radially 
outward of rim 32. Each electrode independently extends out to a contact pad 16ap, 16bp 
and 16cp at the circumference 34 of the substrate, and may be driven together or 
independently. Detector electrodes 18a-c form a discontinuous ring 35 spaced radially 

10 outward of filter electrodes 16a-c. Each detector electrode extends out radially to a 

contact pad 18ap, 18bp and 18cp, adjacent to the substrate circumference 34, and may be 
driven together or independently. (It will be appreciated that while contact pads have 
been described herein, this is by way of illustration and not limitation. Other connection 
approaches are also within the spirit and scope of the invention including vias, whether 

1 5 radial or axial, for example.) 

In the present illustrative embodiment, the working surface 26 of substrate IT is 
identical to working surface 24 of Substrate 1 1 . Substrates 1 1 and 1 V are mated and 
spaced apart with some precision such that working surfaces 24, 26 form the operative 
sections of spectrometer assembly 10, by forming operational pairs of electrodes along 

20 parallel flow paths Fa, Fb, Fc. These operational pairs of electrodes include filter 
electrode pairs 16a- 16a, 16b- 16b, and 16c- 16c, and detector electrode pairs 18a- 18a, 
18b- 18b, and 18c- 18c, on the respective cooperating working surfaces 24, 26. 

It will be appreciated that these pairs of electrodes cooperate and are controlled 
to form working components of the spectrometer. For example, electrode 16a on 

25 substrate 1 1 faces electrode 1 6a of substrate 1 1 ' and together are driven to form FAIMS 
filter 16A, with filters 16B and 16C being similarly formed in this embodiment. 
Likewise, electrode 18a on substrate 11 faces electrode 18a of substrate IT and 
together form a FAIMS detector 18A of the invention, with detectors 18B and 18C 
being similarly formed in this embodiment. 
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The operational regions of the spectrometer include a gas sample inlet region 
12r, an ionization region 14r, an ion filter region 16r, an ion detector region 18r and a 
gas outlet region 20r, which are defined by and between the working surfaces 24 and 26 
of substrates 11, 1 V and collar 22, as assembled. 
5 In this embodiment, gas sample S is flowed, as a carrier gas carrying compounds 

to be detected, from sample inlet region 12r to outlet region 20r, as parallel sample 
flows Sa, Sb, Sc along flow paths Fa, Fb, Fc, respectively, radially through filter region 
16r and detector region 1 8r. In another embodiment, gas flow may be from outside to 
in, and still be within the spirit and scope of the invention. 
10 In the embodiment of Fig. 1, inlet tube 1 2t is fitted into rim 32 of substrate 11'. 

Ionization source 14, such as an ultra violet photo-ionization lamp, is fitted into and 
hermetically sealed with rim 32 of substrate 11, located adjacent to ionization region 
14r. 

In this embodiment, spacer bars 36a-c are provided on working surface 24 of 
15 substrate 11, and extend radially between rim 32 and outer circumference 34, and 

working surface 26 of substrate 1 1 ' being identical. The substrates are mated together 
and precisely spaced apart by cooperation of the spacer bars. As shown in Fig. 2 by 
dotted outline adjacent to each of the spacer bars, a space 36as, 36bs, 36cs 
accommodates mating of the substrates together, enabling the spacers to be closely 
20 fitted. Fig. 3 shows the cooperating substrates 11, 11' with spacer bars 36a, 36a mated. 
In this embodiment, the spacers are formed with uniform height "h" and 
therefore easily and precisely define the separation distance "h" of the working surfaces 
24, 26, and thus the spacing and parallelism of the electrodes formed thereon. 

In an alternative embodiment, the spacer bars 36a-c are not formed on the 
25 substrates. Instead, as shown in Fig. 4(A-E), a spacer part 40, formed as a ring 42 with 
extending spacer bars 44, is inserted to perform the spacing function. The spacer bars 
are formed having height "h", which defines the separation of the filter and detector 
electrodes. 

The spacer part 40 is mounted between the substrates, with the substrate 
30 working surfaces 24, 26 supported against support surfaces 45 of spacer bars 44. In this 
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embodiment, with spacer bars 36a-c not formed on the substrates, the spaces 36a-c now 
become double wide spaces on the substrate surfaces, such as space 36as' shown in Fig. 
4D, for receipt of spacer bars 44. 

Ring 42 is seated snugly within rim 32 of one substrate, such as substrate 11, 
5 and acts as a mount 14m for mounting ionization source 14. An open region 40r is 
defined inside of where the spacer bars 44 descend from ring 42, leaving an open area 
that forms the ionization region 14r. In this embodiment, substrate 1 1 receives and is 
sealed at rim 32 to ring 42. Substrate 1 V is joined to and sealed with the ring base 43. 
In the disclosed embodiments, the cylindrical collar 22 is formed over the ends 

10 of substrates 1 1, 11 ', in any conventional bending or forming manner, whereby a 
hermetic seal is formed at joints 50, 50' where the substrates and collar meet. In 
general, the collar may be a discrete component or it may be formed as part of the 
spacer part 40 or as part of the substrates. 

In the further alternative embodiment of Fig. 4E, a single molded spacer collar 

15 combination part 66 defines both the spacer part 40 and the collar 22 as a single 

component. As above, the spacer part 40 is mounted between the substrates, with the 
substrate working surfaces 24, 26 supported against support surfaces 45 of spacer bars 
44. The outer circumference 34 of the substrates mate against the inner circumference 
68 of collar 22 and a hermetic seal is formed thereat. 

20 Collar 22 provides one or several outlet tubes 52, 52 at outlet region 20r of 

spectrometer 10. A pump may be applied at the sample inlet 12, but more likely pump 
54 is applied to the sample outlet tubes 52, 52 to create the gas flow through 
spectrometer 10. 

In operation spectrometer 10, some ions will be driven into the filter electrodes 
25 and will be neutralized. These ions can be purged by heating. This heating may be 
accomplished in one embodiment by heating the flow path, such as by applying a 
current to filter electrodes, or to the spacers. For example, the spacers may include a 
heater electrode 44e shown in Fig. 4B. Such heating also can be used to heat and 
regulate the ion filter region in view of local temperature and humidity. 
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In operation of the illustrative embodiment of Fig. 1, a gas flow F is generated 
between the sample inlet 12 and gas outlet 20. Specifically, the gas sample S containing 
molecules of compounds to be detected is flowed into spectrometer 10 via inlet 12 and 
into ionization region 14r. The sample S is subjected to a strong source of ions (from 
5 ionization source 14) which puts molecules in the sample into a charged state. These 
ions are carried as gas samples Sa, Sb, Sc along the radial flow paths Fa, Fb, Fc into the 
ion filter region 16r. According to the asymmetric drive signal and compensation bias 
applied to the ion filter 16A, 16B, 16C, selected ion species will pass into the detector 
region 18r and will be detected, and then the carrier gas is exhausted via outlet tubes 52, 
10 52. 

In operation, adjustments are made to compensate the electric fields on the 
filters in order to filter a specific ion type of interest, depending upon the compensation 
signal applied. Ions that do not make it through the filter hit the ion filter electrodes and 
become neutralized. Once neutralized, these ions are not affected by the electric field 

15 and are carried out of the instrument by the carrier gas flow without being detected. 

The ions that do make it through the filter with their charges intact, are detected 
as they strike and deposit their charges on the electrodes 18a, 18b, 18c that form 
detectors 18a, 18B, 18C. Any or all the detector electrodes may be used for such 
detection purposes. Alternatively, one detector electrode of each detector pair, for 

20 example detector electrode 18a on substrate 11, may be used as a deflector electrode 

18a', to concentrate the detection signal onto the cooperating opposed detector electrode 
18a on substrate IT, thus forming a detection electrode pair 18a- 18a' with improved 
sensitivity. 

In another alternative embodiment of the invention, shown in Figs. 5-6, the 
25 spacer and collar are integrated as collar 22', having spacer tabs 36' which perform the 
spacing function, but are at the end of the flow paths F and therefore do not interfere 
with the ion and carrier gas flow. Substrates 11, 1 1 ' are mounted on tabs 36' of Collar 
22' with a gap 37 formed between the circumference of the substrates and the inside of 
the collar. An outer cover 38 is mounted within collar 22' over substrate 1 1 and an outer 
30 cover 38' is mounted within collar 22' over substrate 11'. The covers and collar 
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cooperate to form a sealed housing H, with sample S entering through inlet 12 and 
flowing along flow paths F between the substrates, and then drawn out through gap 37 
as exhaust Fx, exiting via pump 54. 

In practice of embodiments of the present invention, the gas flow, ionization, 
5 electric signals and filtering/detecting are under direction and control of system driver- 
controller 60, shown in Fig. 7. Driver-controller 60 drives the filter electrodes and 
biases the detector electrodes, with appropriate buffers, amplifiers and the like, and 
receives, interprets and enables display of detection data. In various embodiments, by 
applying or sweeping the field compensation over a predetermined range, the controller 

10 can generate a complete spectrum for ionized compounds in sample S. Detected signals 
are correlated with the applied bias and stored historical spectra data for device 10 to 
make a compound identification. Indication data is presented at system output 62. 

As shown in Fig. 8, spectra for a mixture of acetone and benzene can be 
generated in practice of the invention, with individual peaks for acetone and benzene 

15 being separated and identified from the sample mixture. In one embodiment, the 
compensation voltage is swept from -20 volts to +20 volts to achieve this scan. 

In practice of one embodiment of the invention, the asymmetric electric signal is 
applied in conjunction with a compensating bias voltage, and the result is that the filter 
passes a predicted ion species. In another embodiment, the asymmetric electric signal 

20 enables passing of the desired ion species where the compensation is in the form of 
variances in the duty cycle of the asymmetric electric signal, without the need for 
compensating bias voltage. Other variances in dimensions and electrical properties 
permit other compensation schema. As well, the detector electrodes, or electrode pairs, 
may be held at different potentials to broaden the range of detection, such as where each 

25 flow path Fa, Fb, Fc, etc., is tuned to a different portion of a spectrum of interest. In 
addition, the detector electrodes may be physically configured with different electrical 
properties or area dimensions that further enable manipulating the ions. 

It will therefore be appreciated that spectrometer 10 can be operated in a number 
of different modes. In one mode, with Fn flow paths, the filter electrodes can be set at 

30 particular electric fields for a given flow path (Fl-Fn) and the presence and 
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concentration of species of ions can be continuously monitored at the detector 
electrodes. The advantage of this mode is that it requires a very simple data acquisition 
system and the response time of such a system can be very fast, around a millisecond or 
less. In a second mode, multiple ion species can be monitored, by changing electric 
5 field conditions. The control electronics and data readout are somewhat more complex, 
but multiple ion species can be detected rapidly. In a third mode, a complete spectra of 
the sample can be obtained. This is accomplished by sweeping the electric field 
conditions of each flow path, such as by sweeping the compensation voltage, over a 
large range. This produces a spectra with peaks corresponding to particular ion species 

10 present in the gas for each flow path that is scanned. 

In practice of one embodiment of the invention, by sweeping the compensation 
bias over a predetermined voltage range, a complete spectrum for sample S can be 
achieved. By intelligent control of the system driver/controller 60 it is possible to select 
different operating regimes and as a result it is possible to allow ion species of interest 

15 to pass through the filter. In another embodiment, the compensation bias is in the form 
of varying electrical characteristics, such as the duty cycle of the asymmetric field, 
without the need for compensating bias voltage. This is supplied under direction and 
control of driver/controller. By means of these features, the apparatus is tunable, i.e., it 
can be tuned to pass only desired selected species according to mobility, trajectory and 

20 polarity, ion one or parallel radial flow paths. 

The present invention may be used for simultaneous transport and detection of 
positive and negative ion species through each filter of the filter arrays in the parallel 
flow paths F. While multiple flow paths of the present invention enables each flow path 
to be tuned to pass different ions, still the ability to separate positive and negative ions 

25 in a single flow path affords an additional dimension of discrimination beyond 

compensation control alone. This makes possible identification of a wide range of 
compounds, including compounds that are difficult to identify by conventional means, 
all in a single spectrometer of the invention. 

In one embodiment, positive and negative ions having the same mobility are 

30 passed through an ion filter in flow path F, and then these ions are detected by the two 



3239.1006-001 



- 17- 

opposed detectors in each flow path, with one detector electrode being negatively 
biased and the other being positively biased in that flow path. The detected ions hitting 
each detector then are processed by driver-controller 60 to indicate the simultaneously 
detected compounds. If each flow path is tuned to a different spectrum, then a broad 
5 sample of compounds can be analyzed quickly and efficiently. 

Because parallel radial flow paths are possible in practice of the invention, the 
filters may simultaneously pass different ion species (by control of the applied signals 
for each filter electrode pair). In addition, it is possible to sweep the control component 
for each filter pair over a voltage range for filtering a spectrum of ions. With an array of 

10 filters, a complete spectral range of compensation voltages can be more rapidly scanned 
than with a single filter pair. In an array configuration, each filter pair can be used to 
scan over a smaller voltage range. The combination of all of these scans results in 
sweeping the desired full spectrum in a reduced time period. If there are three filters, for 
example, the spectrum can be divided into three portions and each is assigned to one of 

15 the filters, and all three can be measured simultaneously. It will be appreciated that the 
number of filter and or detector pairs is by choice and is not limited to any particular 
number. In practice of the invention, the filter and detector arrays may include any 
number of electrodes depending on the size and use of the spectrometer. 

The ion filter and ion detector of the invention may be formed with single 

20 electrode pairs (each electrode formed as continuous ring on the cooperating substrate 
surfaces 24, 26), although the electrodes are shown in Figs. 1 and 2 as a circular array of 
filter electrodes and detector electrodes. In addition, serial arrays are also possible, such 
as having rings of filter electrodes, one after another in the radial flow paths. 
Embodiments of the invention therefore may have various electrode arrangements, 

25 possibly including pairs, arrays and segments. 

Thus operation of embodiments of the invention may include a single pair of 
filter and detector electrodes but performance may be enhanced by using an array of 
filters, detectors and flow paths, such as, for example, the filter array 16a- 16c, and 
detector array 18a- 18c, in flow paths Fa-Fc, as described above. It will be further 

30 appreciated that these multiple filters and detectors in parallel flow paths may be 
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independently driven so as to be able to achieve a full spectral scan within a single 
detection cycle. 

Any number of electrodes and arrays may be utilized in practice of the 
invention. In the illustrative embodiment of Fig. 9, eight electrodes E1-E8 are defined 
5 over four flow paths F1-F4, forming four filter-detector electrodes sets E1-E5, E2-E6, 
E3-E7, E4-E8. Within any of these sets, any electrode can be a filter or detector, 
adjusted for the particular scheme of sourcing of ions and direction of gas flow along 
the flow paths (i.e., flowing radially outside to inside or inside to outside, the inlet 12 
and outlet 20 can swap roles). For example, an ionized sample might be drawn inward 
10 through ports 52 across the outer electrodes as filter electrodes, and then across the 
inner electrodes for detection before being vented at the open center 30 of the 
spectrometer. The flow can be pushed or pulled through the spectrometer such as with a 
pump. 

Use of arrays is important when there is a desire to measure a number, perhaps 
15 even a dozen or so, compounds in a very short amount of time. Furthermore, if a fast 
GC is used as the front end to a FAIMS spectrometer, the widths of the chemical peaks 
eluting from the GC can be short. In order to obtain a complete spectral sweep over the 
required compensation voltage range in time to capture the information contained in the 
GC peal, the spectral range can be subdivided amongst the flow paths and ion filters in 
20 the array. This allows a simultaneous detection of all the constituents in the given GC 
peak in a shortened time frame. 

In one mode, the filter array may include pairs of filter electrodes and may 
simultaneously enable detection of different ion species by applying a different 
compensation or bias voltage to each filter pair of the array, without sweeping. In this 
25 case, only an ion species that can be compensated by this fixed compensation voltage 
will pass through each filter, and the intensity will be measured. 

It will be further appreciated that a filter or detector array may also include a 
sequence of electrodes. For example, as shown in Fig. 9, of the three electrode set E6- 
E2-E9 (likewise E8-E4-E 10) two of the electrodes may be driven to perform a 
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sequence of filtering or detecting. With a sequence of filters/detectors, improved 
resolution and compound identification can be achieved. 

It will be appreciated that the electrodes may be formed with the same or 
different physical or electrical characteristics, and the flow path itself may be planar or 
5 non-planar, with uniform or non-uniform spacing between the substrates and electrodes. 
These differences will effect ion travel time through the spectrometer as well as 
resolution and other filter and detector characteristics. As well, controller 60 may drive 
any electrode as desired for fixed filtering or scanned filtering. Furthermore, the 
electrodes themselves may be formed all the same or with different performance 

10 characteristics, such as shown in Fig. 9. 

Fig. 10 shows an example of two arrays of electrodes 70, 72. These arrays may 
or may not be formed together in a particular device and may be used as filter arrays or 
detector arrays. Ring array 70, is any array of electrodes, wherein each electrode is 
intended to have different physical/electrical characteristics. In one case the electrodes 

15 in the array vary in characteristic between low and high extremes, so that functionally 
each acts as if biased or compensated for operation in a small region of a spectrum of 
interest, when the asymmetric filter voltage is applied. It will be further appreciated that 
additively this array simulates a full electrical scan, and in this manner parallel flow 
paths (one flow path for each electrode of the array) can achieve a full scan in a 

20 shortened time frame. This is an example of a manufactured array which can be 

dedicated to a prescribed function, which is driven by a simplified driver/controller 60. 

Meanwhile ring array 72 is shown with all the same electrodes. In this case, ion 
filtering will transpire entirely as controlled by driver/controller 60. This makes for a 
more versatile spectrometer. If sets of filter and detector electrodes between these rings 

25 each define separate flow paths, then each flow path can perform a part of an entire 
scan, driven by driver/controller 60, with appropriate compensated asymmetric signals 
being applied. The detection signals can be combined and correlated by 
driver/controller 60 to obtain a complete scan. 

There foregoing invention achieves a simple, volume-manufacturable, low-cost 

30 spectrometer device that can perform fast and accurate scans, and with good resolution. 
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The spectrometer 10 is shown above as a single module, where multiple filtering 
and detection tasks can be performed in a single device. This arrangement is adequate 
for many applications. However, where the species that arrives at the detector region 
includes multiple compounds that cannot be easily differentiated by ion mobility, rather 
5 than performing detection at that moment, they can be passed along to a second filter 
process, more finely tuned to a narrower range or operating under a different regime, 
which may then be able to separate the otherwise unseparated compounds. An example 
of such multi-stage spectrometer is shown in Fig. 11, where Stage I, for example, may 
take the form of the FAIMS spectrometers described above, receiving a sample S at 

10 inlet 12, with ionization source 14 located here adjacent to inlet 12. The sample is 

filtered within Stage I and then is flowed into Stage II for final filtering. In this example 
the second stage filtering moves from the outer circumference inward to an outlet tube 
52 and pump 54. This latter stage may be a FAIMS device or a shuttered IMS device, 
for example. Stages I and II are contained within a collar 22" and spaced by spacers 36'. 

15 In a laboratory system, Stage I may be a FAIMS device and Stage II may be a mass 
spectrometer. 

It will be further appreciated that embodiments of the invention feature a multi- 
functional use of substrates 11,11'. These substrates are preferably made of insulating 
material such as glass, plastic, polymers or ceramic, and act as platforms for the 

20 definition and location of the component parts or regions of the device, in cooperation 
with a spacer and collar. The substrates, spacer and collar may all be formed as an 
integrated whole or a discrete parts and form a device housing 10', enclosing the flow 
paths, filters and detectors. This multi-functional design reduces parts count while also 
precisely locating the component parts so that quality and consistency in volume 

25 manufacture can be achieved. As well, having optional identical working surfaces on 
the substrates, and the snap fit spacer 40, further enables cost-effective volume 
manufacture of an embodiment of the invention. 

Spectrometer 10, with insulated substrate/flow path, achieves excellent 
performance in a simplified structure. The small size of the spectrometer 10 also 

30 provides unexpected improvements in performance and response time. Power 
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requirements are reduced because of the reduced volume and size and shortened flow 
path. The use of an electrically insulated flow path also enables the applied asymmetric 
periodic voltage to be isolated from the detector electrodes. The result is a more 
sensitive spectrometer in a compact and low cost volume manufacturable package with 
5 good discrimination and fast response time. Sensitivity of parts per billion and parts per 
trillion can be achieved in practice of the invention. 

It is also noted that use of the substrates as a support/housing does not preclude 
yet other "housing" features and functions. For example, collar 22' and covers 38, 38' 
enclose the substrates 11, 11' and can provide a further hermetic seal that limits gas 

10 flow to the flow paths and flow of sample/gas at the inlet and outlet. As well, additional 
components, like batteries, can be mounted to the outside of the substrate/housing, e.g., 
in an enclosure adjacent to the ionization source 14. Furthermore, still other components 
can be on the housing surface, such as thermocouples, heaters, circuits, and the like. 
Nevertheless, embodiments of the presently claimed invention stand over the 

1 5 prior art by virtue of performance and unique structure generally, as well as the 

substrate insulation function, support function, multi-functional housing functions, and 
in addition to the structure and features of spectrometer 10 discussed above. 

Driver/controller 60 regulates the ion flow by controlling the ionization source 
and ion flow (e.g. a pump), and also regulates operation of the electrodes. In one 

20 practice of the invention, the asymmetric voltage applied to the ion filter electrodes 
ranges from about 900 to about 1.5 kV (high field condition) , and a low voltage of 
about -400 to -500 V (low field condition). The frequency ranges 1-2 MHz and the high 
frequency has an approximate 30% duty cycle, although other operating ranges are 
possible. Amplifiers, such as Analog Devices model 459 amplifier, which exhibit linear 

25 response time and have a bandwidth of 7 ms and 140 Hz, respectively, may be used. 
The signal may be processed in a conventional manner, such as with a National 
Instruments board (model 6024E) to digitize and store the scans and with software to 
display the results as spectra, topographic plots or graphs of ion intensity versus time. 
The ionization source may be a radioactive source or a UV lamp, corona discharge, or 

30 the like. 
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It will now be appreciated that the present invention discloses method and 
apparatus for high field asymmetric waveform ion mobility spectrometry in a pancake 
device configuration. A preferred system includes an input section, an ion filter and 
detection section and a control section. Ideally ion filtering proceeds in a flow path 
5 under influence of high field asymmetric periodic signals, with detection integrated into 
the flow path, for producing accurate, real-time, data for identification of a broad range 
of chemical compounds. 

Spacers can be used to fix the spacing between the electrodes on the substrates 
11, 1 1 5 . While the substrates are shown above separated uniformly, it is also within the 

10 scope of the invention to have non-uniform spacing. For example, some electrodes may 
be closer together than others, or the substrates may be convex or concave, or other 
purposeful variations that impact on ion filtering and detection in spectrometer 10. For 
example, substrate 1 1 of Stage I in Figure 1 1 is convex, or domed. This increased 
volume at the ionization region can act as an ion trap, slowing ion transit time and 

15 building up the sample to be filtered. This is particularly useful when inputs are rapid, 
such as will accommodate the output of a fast GC. 

Whether the substrates of the invention have disk-like, rectangular or other 
surfaces, the flow paths herein are described as radial so as to distinguish from the axial 
flow path of cylindrical FAMS devices and longitudinal flow paths of planar FAMS 

20 devices. The present invention features a pancake spectrometer with radial flow paths, 
whether IMS or FAIMS or the like, and with substrates that may be uniform or non- 
uniform, arched, domed, skewed, canted, tilted or the like. 

In the embodiment of Fig. 1, the substrates are shown as disks, but they also may 
be square, rectangular, or the like. Also in the embodiment of Fig. 1, the working surface 

25 26 of substrate 1 T is identical to working surface 24 of Substrate 1 1 . It will be further 
appreciated, however, that in other embodiments each working surface may have other 
or additional assets and features and may still be within the spirit and scope of the 
present invention. In alternative embodiments of the present invention, some or all of 
the substrate working surfaces and or of the electrodes may be bowed or otherwise non- 
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planar and may or may not be parallel. These features enable sculpting or adjusting ion 
travel and behavior within flow paths of the invention. 

The spacers of the invention may be formed as an extension of one of the 
substrates or as separate components, by etching or dicing silicon wafers or may be 
5 made of patterned Teflon, ceramic, or other insulators, or in any similar manner. 

Other embodiments may have greater or fewer electrodes, depending upon a 
desired application, and still be within the spirit and scope of the invention. Various 
modifications of the specific embodiments set forth above are within the spirit and 
scope of the present invention. While a preferred embodiment of the invention is 
10 directed to essentially planar pancake FAIMS, other techniques of F AIMS or ion 

mobility or other discrimination techniques may also be practiced within the spirit and 
scope of the present invention. 

Furthermore, having independent contact pads for each filter electrode enables 
each filter electrode to be driven independently to achieve a highly tuned apparatus with 
1 5 each flow path being independently controlled and driven, but this is an option and not 
essential to practice of the invention. Likewise, having independent contact pads for 
each detector electrode enables each detector electrode to be independently controlled 
and driven, but this too is an option and not essential to practice of the invention. 

It will be appreciated that the terms detector, spectrometer and sensor may be 
20 used interchangeably for purposes of this disclosure within the spirit and scope of the 
present invention. The terms drift tube, flow channel and flow path may be used 
interchangeably and remain within the spirit and scope of the invention. The terms 
upper, lower, inner and outer are relative, and are used by way of illustration and not by 
way of limitation. 

25 It will be further appreciated that the present invention is operable with liquid 

samples, such as by using electrospray, while for convenience the illustrative examples 
above describe operation of a gas sample however generated. 

The examples and embodiments disclosed herein are shown by way of 
illustration and not by way of limitation. While a few electrodes or electrode rings or 

30 arrays of electrodes are shown in these illustrative embodiments, any practical number 
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may be formed and used as the application demands. The scope of these and other 
embodiments is limited only as set forth in the following claims. 

While this invention has been particularly shown and described with references 
5 to preferred embodiments thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from the 
scope of the invention encompassed by the appended claims. 



